Introduction
============

The National Wildlife Refuge system is an invaluable resource in the protection of biological diversity ([@B958706]; [@B958725]; [@B958746]). The conservation of imperiled species and the protection of biological integrity at national wildlife refuges are mandates of the Federal Fish and Wildlife Service (Policy 601 FW 3). This policy considers the protection of a broad spectrum of fish, wildlife, and habitat resources and evaluates processes necessary to restore lost or severely degraded components. Ecosystem services provided by refuges are assessed at a total value of US \$32.3 billion/year ([@B958756]).

National Wildlife Refuge System Administration Act of 1966 as amended by the National Wildlife Refuge System Improvement Act of 1997, 16 U.S.C. 668dd-668ee (Refuge Administration Act), Section 4(a)(4)(B) states that \"In administering the System, the Secretary shall\... ensure that the biological integrity, diversity, and environmental health of the System are maintained for the benefit of present and future generations of Americans\" ([@B962307]). Biological integrity, diversity, and environmental health can be described at various landscape scales from refuge to ecosystem, national, and international levels ([@B958853], [@B958800], [@B959658], [@B958887]). Each landscape scale has a measure of biological integrity, diversity, and environmental health that depends on existing habitats, ecosystem processes, and alterations ([@B958800], [@B959641]). Biological integrity, diversity, and environmental health can vary among refuges and often within refuges over time based on system resistance and resilience ([@B958833]).

The goal of biological integrity, unlike fishable and swimmable goals, encompasses all factors affecting the ecosystem ([@B958800]). [@B958981] define biological integrity as "the capability of supporting and maintaining a balanced, integrated, adaptive community of organisms having a species composition, diversity, and functional organization comparable to that of the natural habitat of the region." That is, a site with high biological integrity will have had little or no influence from human society. Biological integrity lies along a continuum from a system extensively altered by significant human impacts in the landscape to a natural system undisturbed by anthropogenic influences on the system ([@B958931], [@B958800], [@B962413]). No landscape retains absolute biological integrity, diversity, and environmental health; however, the prevention of further loss of natural biological features and processes is a protection mandate.

Biological diversity is evaluated at various taxonomic levels, and for purposes of Endangered Species Act implementation at distinct population segments ([@B962338], [@B962327]). Evaluations of biological diversity begin with population surveys and studies of species level flora and fauna, which are the basic elements of biodiversity. The refuge system\'s focus is on native species and natural communities, such as those found under historic conditions. Biological diversity is evaluated at various landscape scales, while evaluations of biological diversity focus is at the refuge scale ([@B958725]). The maintenance of populations of breeding individuals that are genetically viable and functional require necessary provision for the breeding, migrating, and wintering needs of species. Every effort is made to maximize the size of habitat blocks and maintain connectivity between blocks of habitats, unless such connectivity causes adverse effects on wildlife or habitat, such as by facilitating the spread of invasive species ([@B958887]).

Ecological health is defined by the U.S. Fish and Wildlife Service Refuge System as the extent that environmental composition, structure, and function have been altered from historic conditions ([@B962307]). Environmental composition refers to abiotic components such as air, water, and soils that are integrated with biotic components. Environmental structure refers to the organization of abiotic components, such as atmospheric layering, aquifer structure, and topography. Environmental function includes the abiotic processes, such as wind, tidal regimes, evaporation, and erosion. A diversity of heterogeneous abiotic composition, structure, and function supports a variety of biological composition, structure, and function.

Limited biological integrity studies have been conducted on National Wildlife Refuges, with the exception of contaminant studies at the Patoka River National Wildlife Refuge ([@B959889], [@B959797], [@B962160], [@B962160], [@B962171]), a baseline survey at the Big Oaks National Wildlife Refuge ([@B959720]), and a contaminants investigation at Patoka River, Muscatatuck, and Big Oaks NWR ([@B963208]). The current study documents an inventory of aquatic assemblage biodiversity from three National Wildlife Refuges in southern Indiana and evaluates the status and condition of refuge biological integrity based on indices of biotic integrity and biological diversity indices compared to historical biodiversity information.

Materials and methods
=====================

**Study area**

The Patoka River watershed (Fig. [1](#F962387){ref-type="fig"}) has a drainage basin of approximately 2170.4 km^2^ (838 mi^2^) and has a wide range of known conditions that are impairing NWR stream quality including acid mine drainage, oil and gas exploration, and impacts from coal mining ([@B959889]). The area supports the largest known populations of the Indiana crayfish (*Orconectes indianensis* Hay 1896), a former Federal candidate species ([@B962171]). Numerous stream segments are listed by the State of Indiana as "not meeting" aquatic life designated uses because of metal contamination ([@B962160], [@B963208]). The entire length of the South Fork Patoka River is listed as "not meeting" aquatic life designated uses because of acid mine drainage contamination.

Sampling was conducted over two years in both the Patoka and Vernon Fork of the Muscatatuck river drainage. The Patoka River National Wildlife Refuge (NWR) is the sole refuge in the Patoka watershed (Fig. [1](#F962387){ref-type="fig"}), while two refuges occur in the Vernon Fork of the Muscatatuck River, including the Big Oaks (Fig. [2](#F962389){ref-type="fig"}) and Muscatatuck (Fig. [3](#F962391){ref-type="fig"}) NWRs. The Muscatatuck River includes a 2952.6 km2 (1,140 mi^2^) watershed that includes a wide range of biological habitats and environmental conditions (Figs [2](#F962389){ref-type="fig"}, [3](#F962391){ref-type="fig"}). The Vernon Fork of the Muscatatuck watershed includes Sloan's crayfish (*Orconectes sloanii* Bundy 1876), a species of special interest to US Fish and Wildlife Service, Region 3, which has experienced intensive invasion threats from the rusty crayfish (*Orconectes rusticus* Girard 1852). Nutrient impacts are pervasive throughout the Vernon Fork watershed. The Muscatatuck NWR receives runoff drainage through Sandy Branch and Mutton Creek from the City of Seymour, Indiana, and from high density residential land uses. Metal levels in fish tissue exceeded fish consumption advisories within several of the lakes on the Muscatatuck NWR ([@B962317]). The State of Indiana determined that several streams entering the Muscatatuck NWR are listed as "not meeting" designated uses for aquatic life. Perhaps a larger landscape issue is present at Big Oaks NWR, which incorporates portions of Jefferson Proving Ground, a former military base that has documented impairments from exploded ordnance, depleted uranium, and metal contamination ([@B963208]).

**Study design**

Sampling design incorporated a random probability selection for a portion of sites based on bridge access. Contamination at Big Oaks NWR required crews to access streams from bridge access points due to safety concerns from unexploded ordinance. As a result, all of the random sampling was conducted at bridge access points to maintain consistency. A panel survey design stratified sites with some selected from prior surveys ([@B959889], [@B962129]), while a subset of random probability sites was sampled for aquatic macroinvertebrates and crayfish assemblages (see Suppl. material [1](#S962386){ref-type="supplementary-material"} for list of sites). Fifty probability sites and 37 targeted sites were sampled on the Patoka River NWR (Fig. [1](#F962387){ref-type="fig"}), 30 probability and 4 targeted sites were sampled on the Big Oaks National Wildlife Refuge in Jennings, Jefferson, and Ripley counties (Fig. [2](#F962389){ref-type="fig"}), and 20 probability and a single targeted site selected at the Muscatatuck NWR in Jackson and Jennings counties (Fig. [3](#F962391){ref-type="fig"}). These sites represent a variety of habitat types including lakes, ponds, wetlands, streams, and large rivers (Suppl. material [1](#S962386){ref-type="supplementary-material"}).

Sampling gear was selected for each of the appropriate habitat types. Lake and wetland areas were sampled using a boat mounted Smith Root 2500 watt DC generator unit. Large to medium size streams (\> 8 m wetted width) were assessed using a long-line or backpack electrofishing unit. Small streams (\< 8 m wetted width) were assessed using a Smith-Root DC generator backpack unit. Sampling of streams was conducted along a linear reach based on 15 times the wetted stream width ([@B959437]). Sample reach distance length increased with stream width so that a minimum of 50 m (wetted width \<3.3) and maximum of 500 m was sampled. Lakes, ponds, wetlands and moist soil units (MSU) reaches were sampled based on 500 m linear distance and 1800 s. Lake reaches were selected based on natural shoreline features, which included intact riparian vegetation and bank condition. Two 500 m reaches were sampled on Lake Linda, Stansfield Lake, Moss Lake, and MSU with reaches distributed on opposing shores. Due to shallow conditions in Moss Lake, about 500 m of accessible water was sampled at a single site.

**Field and Laboratory methods**

*Fish collection methods*. Daytime inventories were conducted using standard fish community sampling equipment during the summer season (i.e., June-September). The appropriate sampling gear for each site was determined by the field crew chief. Sampling was conducted by the same crew leader, using the same techniques, and equipment, during all sampling periods. Five percent of sites were sampled by both crew leaders to validate crew performance. No statistical difference (Student's t-test, α = 0.05) was observed in results between crews. Relative abundance (catch per unit effort or CPUE is the number of fish per minute of electrofishing effort) data were gathered by performing surveys at reaches using appropriate electrofishing gear. Sampling gear included a model 6A Smith-Root boat-mounted electrofishing unit in nonwadeable, large main stem rivers and lakes, while Smith Root backpack and longline systems were used in tributaries. Longline units used the same generator and transformer unit, i.e., 3500 watt DC generator and 6A Smith Root unit, as the boat mounted unit. Gear selection was based on stream width with longline units used on large, wadeable wetted widths (\>8 m).

Electrofishing surveys included systematic sampling of all representative habitats within each reach, including shallows, instream cover, and the thalweg or deepest point in the cross sectional profile. A representative sample was collected from each reach. Captured fish were placed into a live well until a sampling event was completed. Each survey event included documentation of species identification, batch weight, number of fish captured, presence of external disease including deformities, eroded fins, lesions, and tumor anomalies (DELTs) for each individual and an estimate of qualitative habitat condition ([@B959735]).

Fish identified in the field had vouchers of 2-3 individuals for later taxonomic verification, while difficult species and other small minnow, darter, and madtom species were preserved in 10% formalin for laboratory processing using standard taxonomic keys ([@B958897], [@B962207], [@B962297], [@B962181], [@B959847]). Scientific names are included in Tables [1](#T962407){ref-type="table"}, [2](#T962408){ref-type="table"}, [5](#T962411){ref-type="table"} including authorities in Table [1](#T962407){ref-type="table"}.

*Macroinvertebrate collection methods*. Daytime macroinvertebrate assemblages were sampled using a "representative habitat sampling" procedure developed for streams ([@B962146]). D-nets were used to collect 20-efforts within representative habitat throughout the reach distance length. An effort is a 60-second sample of a specific habitat type that represents a proportion of the reach scale habitat. Efforts were established to correlate with the predominant habitats present within the reach. For example, habitats were segregated into rock, fines, overhanging vegetation, woody debris, coarse particulate material, and other categories ([@B962146]). So, if rocky riffle habitat represents 50% of the habitat within the stream reach, then 10 of the 20 efforts would be collected within that particular habitat type. The individuals collected during the 20 effort D-net sampling were composited and preserved in 95% ethanol for laboratory sorting.

Samples were brought to the laboratory for sorting of stream bank composited samples. The sample contents were placed into a 250 mm x 250 mm (10 x 10 inch) gridded sorting pan ([@B962146]). Sorting was done until 300 organism subsample was obtained. The grid picked was selected using a random number generator (i.e., Research Randomizer <http://www.randomizer.org/form.htm>) to determine the appropriate square to be sorted. Sorting included the entire square until the 300th organism was picked; however, the square that contained the 300^th^ individual was sorted until it was fully picked. Reach macroinvertebrate density varied with sample and ranged from a maximum of all 100 squares picked (and either less than 300 individuals or more than 300 individuals) to fewer than all squares sorted and less than 300 total individual organisms.

After the completion of the 300 organism sort, a 15 minute large-rare examination was completed for samples that were not entirely picked. A large-rare sort included the remaining squares were scanned for taxa that had not been previously observed with emphasis on unique taxa not previously observed. Individuals from the large-rare pan sorted pick were identified and data content was incorporated into species richness metric calculations, but were not included in trophic or relative abundance metrics following standard procedures ([@B962146]). All individuals were identified to the lowest possible taxonomic levels, i.e., genus or species, following state-of-the-art taxonomic resolution appropriate for that particular taxon ([@B959678], [@B963232], [@B959610]). Scientific names including authorities are listed in Table [3](#T962409){ref-type="table"}.

*Crayfish collection methods*. Crayfish sampling included the evaluation of primary, secondary, and tertiary burrowing species ([@B959761], [@B959797]). Primary, secondary, and tertiary burrowing as defined by [@B958907]. Primary burrowers are terrestrial species that do not require submergence under water and dig extensive burrows with complex ventilation holes. Secondary burrowers dig burrows into the side of the bank and inhabit both aquatic and terrestrial habitats, while tertiary burrowers are mostly aquatic and do not dig burrows other than shallow depressions in stream beds as streams desiccate.

Catch-per-unit-effort (CPUE) is based on the number of individuals collected per effort required to sample each site based on the stream size. Greater sized streams had more effort. Effort is based on the 15 times the wetted width in a linear distance sampled.

Burrowing crayfish were collected using excavation and plunging techniques ([@B959761], [@B959797]). Individuals were coaxed from their burrow by pouring water down the burrow and agitating the water. If the crayfish failed to emerge, then a toilet plunger was used to force the crayfish from the burrow ([@B959761]). If that failed to dislodge the crayfish, then a hand shovel was used to excavate the burrow and retrieve the individual ([@B959797]). Secondary and tertiary burrowers were collected using a backpack electrofishing unit. Secondary burrowers were also collected by hand by turning over large rocks in the stream. By flipping rocks, the crayfish could be easily collected by hand. Tertiary burrowers were collected with a dip net or by hand. All crayfish species collected from each site had an estimate of relative abundance based on a standard catch-per-unit-effort per site ([@B959797]) or number of individuals per square meter sampled.

Specimens were preserved in 70% ethanol, returned to the laboratory for processing, and identified using standard taxonomic references including [@B959668], [@B958961], and [@B962277]. Scientific names and authorities are cited in Table [4](#T962410){ref-type="table"}.

**Assessment of Biological Integrity**

[@B959865] developed and calibrated an index of biotic integrity (IBI) for fish assemblages in the Eastern Corn Belt Plain Ecoregion based on data from 200 least impacted sites. Reference condition models are a conservative approach for establishing expected attributes of the biological assemblage, since these models recognize that pristine conditions are limited or in such small distributions that they might not be extant ([@B958931]). [@B959865] developed reference condition calibrations following [@B963242] and used a maximum species area curve to determine expectations and scoring criteria ([@B958876]). Scoring classifications and expectations follow [@B958971].

[@B959735] created a habitat condition index based on substrate, riparian corridor, stream sinuosity, cover, riffle-run quality, pool quality, and habitat cycle percentage and gradient. The Qualitative Habitat Evaluation Index (QHEI) is a measure of condition that was originally developed in the Midwestern United States. Scores range from 0-100 ponts with higher values representing increasing habitat quality. Habitat condition scores greater than 66 points are considered meeting aquatic life designated uses. [@B959735] found that habitat condition increased directly and proportionally with fish assemblage quality.

**Statistical analyses**

Cumulative frequency distributions of IBI scores and descriptive statistics for each refuge were completed using Statistica ([@B963253]). Relative abundance was based on the number of individuals per unit distance and time ([@B963267]) and was transformed into percent occurrence based on total numbers of individuals collected at each site. This approach assures that species richness area curves are comparable between watersheds and ecoregions. Spline-smoothed pleths were created based on reach scale average species richness and then averages were joined to produce hot-spot biodiversity, habitat condition and index of biotic integrity depictions for each watershed ([@B959641]).

Taxon treatments
================

Synurella dentata
-----------------

Hubricht 1943

### Distribution

Patoka River NWR: 22, 27, 29, 41, 64-66, 82, 83

Muscatatuck NWR: 8-11, 13, 19, 20

Big Oaks NWR: 29

The toothed spring amphipod (*Synurella dentata*) was collected by [@B959464]) from Big Creek from Three Raiders Monument. This species is ubiquitous in springs and some caves.

### Ecology

*Synurella dentata* was a dominant species represented by a 16% occurrence and is considered to have a wide habitat tolerance. The toothed spring amphipod (*Synurella dentata*) is a cave spring species associated with karst habitats ([@B959464]).

### Conservation

The toothed spring amphipod has a species conservation rank of S4/G5.

Lirceus fontinalis
------------------

Rafinesque-Schmaltz 1820

### Distribution

Patoka River NWR: 1, 3, 22, 25, 27, 29-31, 35, 36, 73, 79

Muscatatuck NWR: 7-13, 16, 19, 20

Big Oaks NWR: 13, 15, 20

The species ranges from southern Indiana, Kentucky, southwestern Ohio, and northern Tennessee ([@B959464]). The bluegrass spring isopod was collected from caves in the Middle Fork, Big Creek, and Graham Creek watersheds.

### Ecology

*Lirceus fontinalis* (24%) was dominant within the refuges and is considered to have a wide habitat tolerance. The bluegrass spring isopod is a cave spring species associated with karst habitats ([@B959464]).

### Conservation

The bluegrass spring isopod has a conservation species rank is S3/G4.

Orconectes (Faxonius) indianensis
---------------------------------

(Hay 1896)

### Distribution

Patoka River NWR: 1-3, 6-7, 17, 19, 22, 25, 26, 29, 34, 38-40, 63

### Ecology

An additional sixteen records of Indiana crayfish were found from areas surrounding the refuge. These sites included solid rock substrate habitats as described by [@B962160] and [@B962171].

### Conservation

This former Federal candidate species does not warrant protection based on current and previously known collection information ([@B962160], [@B962171]). The Patoka River supports the largest known populations of the Indiana crayfish, which is a former Federal candidate species ([@B962171]).

Orconectes (Rhoadesius) sloanii
-------------------------------

(Bundy 1876)

### Distribution

Muscatatuck NWR: 5, 6, 10, 13-15, 20

Big Oaks NWR: 5, 7-13, 15, 16, 20, 23, 25, 27, 29, 30, 32

Extensive survey of southwestern Ohio and southeastern Indiana documented the distribution and status of Sloan's crayfish. Closer inspection of St John\'s (1988) distribution maps show that areas included within the Big Oaks National Wildlife Refuge were represented by only Sloan's crayfish and did not possess the invasive rusty crayfish. Our sampling results found similar results as [@B962217].

### Ecology

Sloan's crayfish was collected at 76.5% of the sites in the Big Oaks refuge. Relative abundance averaged 13.6 individuals per site. Mean density of Sloan's crayfish was 0.272 individuals per square meter. Sloan's crayfish was collected at 36.8% of the sites on the Muscatatuck refuge. Relative abundance averaged 9.14 individuals per site. Mean density of Sloan's crayfish was 0.182 individuals per square meter.

### Conservation

Sloan's crayfish (*Orconectes sloanii*) is a species of special interest to US Fish and Wildlife Service, Region 3, which has experienced intensive invasion threats from the rusty crayfish (*Orconectes rusticus* Girard 1852). Nutrient impacts are pervasive throughout the Vernon Fork watershed. The Muscatatuck NWR receives runoff drainage through Sandy Branch and Mutton Creek from the City of Seymour, Indiana, and from high density residential land uses.

Sloan's crayfish is stable and has a relatively high relative abundance in the Big Oaks and Muscatatuck National Wildlife Refuges. No instances of rusty crayfish were observed in either of the refuges (Table [4](#T962410){ref-type="table"}).

Notropis ariommus
-----------------

(Cope 1867)

### Distribution

Big Oaks NWR: 1, 11, 20

The collection of popeye shiner represent the first record for this species in Indiana since the species was originally described from the White River near Indianapolis in the late 1800's. During this study specimens were collected from Otter Creek, Big Graham Creek, and Big Creek (Table [5](#T962411){ref-type="table"}).

### Ecology

The species was collected from moderate sized flowing rivers over cobble and gravel substrates.

### Conservation

The species has been considered extirpated within Indiana, but with these records should be considered for additional study to determine the species current status.

Centrarchus macropterus
-----------------------

(Lacepede 1801)

### Distribution

Patoka River NWR: 62, 68

Muscatatuck NWR: 2, 5, 12

Flier is a centarchid species largely associated with the southeastern and eastern United States. Its distribution is restricted to the Coastal Plain from the Chesapeake Bay to Eastern Texas and north through the Mississippi Embayment to southern Illinois and Indiana ([@B962207], [@B959009]). Records for Indiana depict its distribution to be limited to the southwestern and central portions of the state ([@B963296]). The flier was collected from three sites in this study including the Vernon Fork, from Mutton Creek, and from Moss Lake (Table [1](#T962407){ref-type="table"}). These records constitute the furthest northern and easternmost collections within the species range ([@B963296], [@B959009]).

### Ecology

A total of 11 individuals were collected from the Muscatatuck NWR. Our flier individuals occurred in pool and low-flow, basic gradient streams with wood debris ([@B963296], [@B959009]).

Lepomis (Lepomis) symmetricus
-----------------------------

Forbes 1883

### Distribution

Patoka River NWR: 52

The Bantam sunfish is reported from the Patoka River watershed from Rough Creek. This watershed has experienced extensive acid mine drainage impacts.

### Ecology

*Lepomis symmetricus* was collected from a pool about 1 m in depth from the areas upstream from the bridge.

### Conservation

*Lepomis symmetricus* is rare and is considered endangered within the State of Indiana.

Ammocrypta (Ammocrypta) pellucida
---------------------------------

(Putnam 1863)

### Distribution

Muscatatuck NWR: 15

### Ecology

The eastern sand darter (*Ammocrypta pellucida*) was collected from one site on the Vernon Fork Muscatatuck River (Table [1](#T962407){ref-type="table"}). Three individuals were collected from the Vernon Fork over shallow, sandy-riffle habitat.

### Conservation

The eastern sand darter was once recognized as state threatened species based on limited presence in the state ([@B962181]), but has since been removed from threatened status. The eastern sand darter is still considered rare and is susceptible to impacts of habitat degradation ([@B959751]).

Etheostoma (Etheostoma) histrio
-------------------------------

Jordan and Gilbert 1887

### Distribution

Patoka River NWR: 78

Muscatatuck NWR: 6, 14

The harlequin darter was thought to be extripated from Indiana until its rediscovery within the White River Drainage in 1991 ([@B959909]). It has since been collected from other subwatersheds within the White River and also from the Patoka River ([@B959889]). The harlequin darter was collected from Vernon Fork Muscatatuck River at two sites, while the rediscovery of it was documented in the mainstem Patoka River upstream to the mouth of South Fork Patoka River. These records constitute the furthest removed records for the harlequin darter from the main stem of either branch of the White River (Table [1](#T962407){ref-type="table"}).

### Ecology

Two Harlequin darter individuals were collected over gravel/sand riffles with swift current.

Analysis
========

**Habitat patterns at a watershed scale**

There is a direct correlation between landscape scale ecological patterns and reach scale habitat measures ([@B958820]). Natural landscapes provide important ecological services that promote biological diversity and integrity. The QHEI scores at a watershed scale show that the Patoka River drainage (Fig. [4](#F962393){ref-type="fig"}a) has the lowest overall habitat scores compared to the Muscatatuck River (Fig. [4](#F962393){ref-type="fig"}b). Patoka River drainage habitat is highest in the upper watershed surrounding Hoosier National Forest and Patoka Lake. The lowest habitat scores were associated with the declining habitat condition in the lower watershed. This decline is attributed to agriculture, legacy mining, channel modification, and oil and gas exploration (Fig. [4](#F962393){ref-type="fig"}a).

The Muscatatuck River drainage comparatively has the highest habitat quality of the two drainages. The Muscatatuck NWR has the lower habitat quality associated with the refuge borders compared to the Big Oaks NWR (Fig. [4](#F962393){ref-type="fig"}b). Edge effects from agricultural land use was the primary factor effecting the eastern boundary of the Big Oaks refuge, while at the Muscatatuck NWR the streams drain from the north to south in orientation. The northern edge of the Muscatatuck refuge is most influenced by agriculture, while the eastern and western margins of the refuge had the highest habitat scores.

**Biological diversity, composition, and assemblage changes**

**Patoka River NWR**

*Species richness and composition*. We collected 9,658 individuals representing 82 fish species from streams and rivers on the Patoka River National Wildlife Refuge and tributaries (Table [1](#T962407){ref-type="table"} and Table [2](#T962408){ref-type="table"}). Dominant families included the Cyprinidae (20 species), Centrarchidae (15 species) and Catostomidae (12 species), which was comparable to similar historical catches ([@B959889], [@B959807], [@B962129]). Dominant species included longear sunfish (*Lepomis megalotis*)(1,314 individuals), central stoneroller (*Campostoma anomalum*) (827 individuals), bluegill (*Lepomis macrochirus*)(461 individuals) and striped shiner (*Luxilus chrysocephalus*) (378 individuals). These species were dominant in pool habitats (longear sunfish and bluegill), headwater streams (central stoneroller), and in wadable stream pool habitats (striped shiner) draining the refuge (Table 2). During the second sampling season four dominant species included creek chub (*Semotilus atromaculatus*) (671 individuals), western mosquitofish (*Gambusia affinis affinis*)(568 individuals), bluntnose minnow (*Pimephales notatus*) (524 individuals), and blackstripe topminnow (*Fundulus notatus*)(423 individuals). These species are tolerant forms that can occupy acid mine drainage streams (pH \< 5).

*Macroinvertebrate species richness and composition*. No previous macroinvertebrate investigation has been conducted in the Patoka River drainage at the lowest taxonomic resolution levels. During this investigation of the Patoka River watershed, 355 taxa representing 93 families were collected (Table [3](#T962409){ref-type="table"}). Dominant orders included the Hemiptera and Diptera (12 families), Coleoptera (11 families), and Ephemeroptera (8 families). Among the most diverse macroinvertebrate taxa was the Diptera or flies and midges (103 taxa), Hemiptera or true bugs (67 taxa), and the Odonata or dragonflies (47 taxa) (Table [3](#T962409){ref-type="table"}). Based on comparing macroinvertebrate species composition differences between annual events, 2006 surveys found 16 mayfly taxa compared to 11 mayfly taxa in 2007. Unique taxa collected during 2006 included, *Baetis intercalaris*, *Procloeon* spp., *Psuedocloeon* spp., *Hexagenia limbata*, *Tricorythodes* spp., and *Choroterpes* spp., while during 2007 *Ameletus* spp., *Acerpenna pygmaea*, *Plauditus dubius*, *Plauditus* spp., and *Nixes* spp. were collected (Table 3). Three stonefly taxa were collected during the inventory including *Acroneuria* spp. and *Neoperla* spp during 2006 and *Isoperla* spp. during 2007 (Table [3](#T962409){ref-type="table"}). Caddisfly taxa collected during 2006 and 2007 included 25 taxa (Table [3](#T962409){ref-type="table"}). During 2006, 13 caddisfly taxa were unique including, *Hydropsyche betteni-depravata, Hydropsyche cuanis, H. hageni, H. simulans, Oxyethira* spp., *Nectopsyche candida*, *N. exquisite*, *Nectopsyche* spp., *Oecetis cinerascens*, *Chimarra aterrima*, *C. obscura*, *Cernotina spicata*, and *Neurclipsis crepuscularis*. During 2007, seven taxa were unique including, *Hydropsyche betteni*, *Ironoquia* spp., *Chimarra* spp., *Ptilostomis* spp., *Polycentropus* spp., *Rhacophila* spp., and *Neophylax* spp.

*Crayfish species richness and composition*. Several studies of crayfish near the Patoka River NWR have been conducted ([@B962160], [@B962129], [@B962171], [@B959933]). [@B962160] described the crayfish assemblages of the Patoka River watershed including species occurring around the National Wildlife Refuge. A new species of crayfish, the paintedhand mudbug *Cambarus polychromatus* Thoma, Jezerinac, and Simon 2005 was described from Flat Creek on the Patoka River NWR ([@B962287]). [@B962171] described the onservation status of the Indiana crayfish, while [@B962191] described the reproductive biology, distribution, and habitat needs of species occurring in the Patoka River drainage. [@B959933] studied the effects of oil brine and acid mine leachate on the crayfish fauna of the Patoka River watershed. The current study evaluated 88 sites (Suppl. material [1](#S962386){ref-type="supplementary-material"}), which include the same locations as previously sampled for fish and macroinvertebrate assemblages (Table [4](#T962410){ref-type="table"}). Similar species richness in the area surrounding the Patoka River NWR was found as in previous studies ([@B962160]). The dominant species was the calico crayfish (*Orconectes immunis*), which was found throughout the refuge and areas surrounding the Patoka River NWR. Both northern crayfish (*Orconectes virilis*) and White River crayfish (*Procambarus acutus*) were collected from single locations. Two species of primary burrowing crayfish were collected from the refuge (Table [4](#T962410){ref-type="table"}). The paintedhand mudbug was more common than the Great Plains mudbug. No invasive crayfish species were found during the present sampling in the Patoka River watershed.

**Changes in Biological diversity**

*Fish assemblage record changes*. Five times as much collection effort was expended in the Patoka watershed since 1992 than had previously occurred over the last two centuries. [@B959889] documented the increase in species diversity as a result of increased sampling intensity. Nine first species records were found in the watershed between 1992-2002, including threadfin shad (*Dorosoma petenense)*, cypress minnow (*Hybognathus hayi*), ribbon shiner (*Lythrurus fumeus*), pallid shiner (*Notropis amnis*), Southern redbelly dace (*Chrosomus erythrogaster*), fathead minnow (*Pimephales promelas*), blacknose dace (*Rhinichthys obtusus*), and starhead topminnow (*Fundulus dispar*). The range extension of ribbon shiner may have been a result of misidentification since prior identification of redfin shiner (*Lythrurus umbratilis*) was documented. This species does not occur in the upper portion of the Patoka watershed. The ribbon shiner was previously known from only a few small streams in southwestern Indiana ([@B959847]). Bait-bucket release of fathead minnow into the watershed was speculated by [@B959889], while the presence of threadfin shad was probably a result of immigration from upstream reservoir habitats. Pallid shiner and starhead topminnow presence suggest that water quality conditions were improving. These fish species are considered sensitive to acidity and turbidity ([@B959865]). Newly found species since 1993 added the discovery of lake chubsucker (*Erimyzon sucetta*) and paddlefish (*Polyodon spathula*) (Doug Carnahan, Indiana DNR, personal communication) in oxbow lakes from the floodplain wetlands. Other new discoveries include goldeye (*Hiodon alosoides*), shoal chub (*Macrhybopsis hyostoma*), channel shiner (*Notropis wickliffi*), silver redhorse (*Moxostoma anisurum*), and stonecat (*Noturus flavus*). Species that were rediscovered include river shiner (*Notropis blennius*), sand shiner (*N. stramineus*), bullhead minnow (*Pimephales vigilax*), shorthead redhorse (*Moxostoma macrolepidotum*), brook silverside (*Labidesthes sicculus*), yellow bass (*Morone mississippiensis*), and smallmouth bass (*Micropterus dolomieu*).

The increase in the number of species records was directly a result of increased sampling effort. The rediscovery of lake chubsucker, paddlefish, rock bass (*Ambloplites rupestris*), slough darter (*Etheostoma gracile*), harlequin darter, blackside darter (*Percina maculata*), dusky darter, and banded sculpin (*Cottus carolinae*) are all species sensitive to siltation and acidity. The increased occurrence of these species in the watershed may be an environmental indicator of recovery. Species composition additions during 2006 included Spotted gar (*Lepisosteus oculatus*), longnose gar (*L. osseus*), skipjack herring (*Alosa chrysochloris*), ribbon shiner, southern redbelly dace, white sucker (*Catostomus commersonii*), black buffalo (*Ictiobus niger*), spotted sucker (*Minytrema melanops*), black redhorse (*Moxostoma duquesnei*), stonecat, banded sculpin, rock bass, smallmouth bass, white crappie (*Pomoxis annularis*), black crappie (*P. nigromaculatus*), harlequin darter, and slenderhead darter (*Percina phoxocephala*). Many species, such as rock bass, southern redbelly dace, banded sculpin, smallmouth bass, and slenderhead darter, were collected in areas upstream of the refuge in high gradient tributaries that drain the Hoosier National Forest. While large river, floodplain species such as spotted and longnose gar, black buffalo, spotted sucker, and harlequin darter were collected from the Patoka River downstream of the refuge. Forty-eight of the 82 fish species (58.5%) collected during 2006 were also collected during 2007. During 2007, first records for species composition additions included goldeye, threadfin shad, bigeye chub (*Hybopsis amblops*), bighead carp (*Hypophthalmichthys nobilis*), bullhead minnow, quillback (*Carpiodes cyprinus*), lake chubsucker, shorthead redhorse (*Moxostoma macrolepidotum*), white catfish, tadpole madtom (*Noturus gyrinus*), brindled madtom (*Noturus miurus*), freckled madtom (*Noturus nocturnus*), central mudminnow (*Umbra limi*), flier (*Centrarchus macropterus*), orangespotted sunfish (*Lepomis humilis*), redspotted sunfish (*Lepomis miurus*), and bantam sunfish (*Lepomis symmetricus*).

*First drainage records for fish*. First records of six species collected from Patoka River National Wildlife Refuge was previously unknown from the Patoka River (Table [1](#T962407){ref-type="table"}). These species included skipjack herring, bigeye shiner (*Notropis boops*), silver carp (*Hypophthalmichthys molitrix*), bighead carp, white catfish, and freckled madtom. Skipjack herring is a large river species that is common in the Wabash River. The species was collected from the Patoka River near Meridian Road. The skipjack herring is a pelagic species that is capable of feeding as an adult predator. Bigeye chub was collected from a single site on the Patoka River (at SR 164/162 bridge). This species has experienced significant decline over its range in Illinois and Ohio, but has maintained large populations in Indiana portions of its range. The species is a benthic insectivore that is usually associated with expansive sand bars and coarse gravel and sand substrates. Freckled madtom was collected from Hunley Creek at US 231 bridge. The freckled madtom is a nocturnal species that spends most of its time hiding beneath instream habitat cover. It is possible that this species may have been misidentified in the past since it is similar to several other *Noturus* species that were previously found in the watershed.

*Alien fish species presence*. Silver carp and bighead carp are exotic species from southeast Asia, while white catfish is a non-indigenous species from the Atlantic Slope. These species were all collected from the Patoka River at Oatsville Bottom, while the Asian carps were also collected from the Patoka River upstream of the dam at Winslow. These records represent the first records for these species in the Patoka River. The white catfish was stocked into Patoka Lake and into several other large reservoirs in Indiana near Indianapolis ([@B959847]). The species has a forked tail similar to other members of genus *Ictalurus*, but has white chin barbels and a head shape like other *Ameiurus*. White catfish was only collected from the Patoka River at Oatsville Bottom (Table [1](#T962407){ref-type="table"}). These species were collected from large main stem river habitats over degraded substrates.

**Big Oaks NWR**

*Fish species richness and composition*. Surveys of streams, lakes, and ponds on the Big Oaks National Wildlife Refuge collected 9,747 individuals representing 37 fish species (Table [1](#T962407){ref-type="table"}). Dominant families include the Cyprinidae (12 species), Centrarchidae (8 species) and Percidae (5 species). [@B959720] reported collecting 6,703 individuals and dominant families included Cyprinidae (12 species), Centrarchidae (7 species), and Percidae (7 species) during 1993. Historically, bluntnose minnow (1,512 individuals), striped shiner (1,146 individuals), and creek chub (778 individuals) were the three dominant species on the Big Oaks National Wildlife Refuge ([@B959720]). During 2006, the dominant species include bluegill (1,159 individuals), bluntnose minnow (964 individuals), creek chub (523 individuals) and central stoneroller (426 individuals). These species were dominant in lakes (bluegill), headwater streams (bluntnose minnow and creek chub), and in large wadable streams (central stoneroller) draining the refuge, respectively (Table 1). During 2007, the dominant species included bluntnose minnow (857 individuals), central stoneroller (751 individuals), creek chub (485 individuals), and striped shiner (461 individuals). These four minnow species were dominant at Little Otter Creek (site 5), Rush Creek, and a variety of sites on Graham Creek (Big and Little Graham Creeks).

*Macroinvertebrate species richness and composition*. A subterranean faunal study was completed by [@B959464]. [@B959464] documented the cave and spring invertebrate faunas of Big Oaks National Wildlife Refuge. No other surface water surveys of macroinvertebrate assemblages have been completed near the National Wildlife Refuge or in the Vernon Fork of the Muscatatuck River watershed in the vicinity of the refuge. The current study is the first comprehensive evaluation of the Big Oaks National Wildlife Refuge that included taxonomic identification to lowest possible levels. Several cave and spring invertebrate taxa were collected during the surface water surveys. During this investigation of the Big Oaks National Wildlife Refuge watersheds, 163 taxa representing 66 families were collected (Table [3](#T962409){ref-type="table"}). Dominant families included the Hemiptera, Diptera, and Odonata (8 families), and Coleoptera and Ephemeroptera (7 families). Among the most diverse taxa was the Diptera or flies and midges (35 taxa), Hemiptera or true bugs (25 taxa), Odonata or dragonflies (24 taxa), and Ephemeroptera or mayflies (18 taxa).

Comparison of macroinvertebrate sampling between 2006 and 2007 showed an increase in the number of sensitive taxa were found at the Big Oaks National Wildlife Refuge (Table [3](#T962409){ref-type="table"}). During the 2006 sampling, 12 unique mayfly taxa including *Baetis flavistriga*, *B. intercalaris*, *Ephemera* spp., *Leucrocuta* spp., *Maccaffertium pulchellum*, *Stenacron* spp., *Isonychia* spp., and *Choroterpes basalis*. During 2007, unique mayfly taxa collected included *Ephemera simulans*, *Attenella attenuate*, *Stenacron interpunctatum*, *Paraleptophlebia* spp. Three stonefly taxa were collected including *Acroneuria* spp., and *Leuctra* spp. during 2006 and *Acroneuria evoluta* during 2007. Six caddisfly species were collected during surveys at Big Oaks National Wildlife Refuge during 2006-2007 (Table [3](#T962409){ref-type="table"}). Four taxa were unique with two collected in 2006 (*Hydropsyche betteni* and *Chimarra* spp.) and two in 2007 (*Cerclea flava* and *Cernotina spicata*).

*Crayfish species richness and composition*. Limited information about crayfish species is available from the Big Oaks National Wildlife Refuge. [@B959464] documented the presence of the karst crayfish (*Cambarus laevis*) from the springs and caves occurring on the refuge. [@B962217] evaluated the distribution of Sloan's crayfish from areas around the refuge and repeated sampling of select sites in southwestern Ohio ([@B962227]). The results of St. John's survey resulted in Sloan's crayfish being considered vulnerable. Thirty four sites were sampled at the Big Oaks National Wildlife Refuge (Suppl. material [1](#S962386){ref-type="supplementary-material"}b). These sites represented a wide range of stream sizes from headwater creeks to moderate sized rivers, ponds, and impounded lakes. Seven crayfish species were collected from the Big Oaks National Wildlife Refuge (Table [4](#T962410){ref-type="table"}). Three primary burrowing species were collected including the paintedhand mudbug, Ortmann's mudbug, and the Great Plains mudbug. Four species of tertiary burrowing crayfish were collected including Sloan's crayfish, northern crayfish, Mud River crayfish (*Orconectes juvenilis*), and calico crayfish. The Mud River crayfish is a native species and is known from the study area ([@B959761]). The species resembles the rusty crayfish, but differs in the shape of the mandibles and the first form male gonopod ([@B962267]). The rusty crayfish is native to the Whitewater River drainage, which is just to the east of the National Wildlife Refuge. No specimens of the rusty crayfish were observed on the refuge; however, specimens were collected from streams that pass through the refuge in areas upstream.

Two orconectid species were collected from only a few sites on the refuge (Table [4](#T962410){ref-type="table"}). The northern crayfish was collected from two sites on Otter Creek, while the calico crayfish was collected from Little Otter Creek. Both species appear superficially similar; however, the calico crayfish has a deeply incised (notched) dactyl while the northern crayfish does not. There are also differences in the shape and curvature of the first form male gonopod. The northern crayfish reaches much larger sizes and is known to inhabit firm substrates including gravel and cobble substrates, while the calico crayfish inhabits sand and other fine substrates. No crayfish were collected from lentic habitats on the refuge. No crayfish were collected from Old Timbers Lake (site 6), Gate 8 pond (site 14), or Kruegers Lake (site 34). In addition, no crayfish were collected from Big Creek (site 28). The Big Creek site was impounded by a beaver dam and was more lentic than lotic during the time period when sampled. Two attempts to collect crayfish from this site both resulted in no crayfish being collected.

**Changes in Biological Diversity**

*Fish assemblage record changes*. Eleven fish species were collected from the refuge during historical events that were not collected during the current surveys ([@B959720]). Longnose gar, bowfin (*Amia calva*), gizzard shad (*Dorosoma cepedianum*), carp (*Cyprinus carpio*), mimic shiner (*Notropis volucellus*), suckermouth minnow (*Phenacobius mirabilis*), spotted sucker, channel catfish (*Ictalurus punctatus*), spotted bass (*Micropterus punctulatus*), logperch (*Percina caprodes*), and blackside darter (*Percina maculata*) were only found during the 1993 surveys. Longnose gar, bowfin, and gizzard shad were collected as single individuals and were found at Blue Hole on Otter Creek. This site was not surveyed during the current investigation due to access restrictions. Carp, an exotic species, was not collected during 2006-2007 surveys, but was found during 1993 as a single individual at Otter Creek and at Graham Creek. Suckermouth minnow, mimic shiner, logperch, and blackside darter were collected from Otter Creek from locations not sampled during the 2006-2007 surveys. These species were either represented by single individuals or were collected from single locations.

During the 2006 sampling, nine species were collected from Big Oaks National Wildlife Refuge that had not been collected during 2007 (Table [5](#T962411){ref-type="table"}). These species included golden shiner (*Notemigonus crysoleucas*), popeye shiner (*Notropis ariommus*), grass pickerel (*Esox americanus*), brown bullhead (*Ameiurus nebulosus*), blackstripe topminnow, brook silverside, redear sunfish (*Lepomis microlophus*), smallmouth bass, and black crappie. The habitats that these nine fish species were collected include a variety of specific microhabitats. Golden shiner was collected from Big Creek from pool habitat over sand and gravel substrates. This area was associated with a beaver dam that created lentic conditions on Big Creek. Grass pickerel was collected from Little Graham Creek, Marble Creek, an unnamed tributary of Big Creek, and Middle Fork Creek. This species is a pelagic predator that usually is associated with submerged aquatic vegetation, woody debris, and leaf debris. Brown bullhead was collected from Otter Creek from a deep pool along an outside channel bend. The species was associated with large collapsed clay bank habitat that had recently been severed from the bank. Blackstripe topminnow is a surface dwelling species that is commonly associated with overhanging grasses or submerged aquatic vegetation. The species was only collected from Big Creek. Brook silverside is also a pelagic species that usually occurs in lakes; however, the species was collected from Little Graham Creek. Redear sunfish is typically a lake inhabitant that is not native to southeastern Indiana. It has been stocked throughout the state into lentic systems. The species was collected from Old Timbers Lake, Gate 8 pond, and Kruegers Lake, as well as, Little Otter Creek. The species grows to large sizes and is a desirable sport fish among anglers. Likewise, black crappie is also a lake species occurring around woody debris and submerged tree trunks. The species was also collected from Old Timbers Lake, Gate 8 pond, and Kruegers Lake. Smallmouth bass was collected from Otter Creek. This species is a native predator that is an important indicator of water quality because of the temperature sensitivity to cool water temperatures. Twenty-seven of the 36 fish species collected during 2006 were also collected during 2007 (Table [5](#T962411){ref-type="table"}). The only species that was unique to the 2007 surveys included silver shiner, which was collected from Graham Creek. The silver shiner is a large insectivorous minnow species that is an indicator of high quality habitat and water conditions.

*Alien species presence*. During the 2006-2007 surveys, the western mosquitofish and redear sunfish were collected. The western mosquitofish was collected from three sites on Little Graham Creek (Table [1](#T962407){ref-type="table"}). This species is widely stocked into ponds and slow moving waters for mosquito control; however, diet studies in Indiana streams has shown that the species consumes snails and other aquatic insects and not mosquitoes ([@B958843]).

**Muscatatuck NWR**

*Fish species richness and composition*. Fifty one species of fish representing 14 families were collected from the 15 sample sites (Table [1](#T962407){ref-type="table"}). Overall, minnows (Cyprinidae), suckers (Catostomidae), sunfish (Centarchidae), and darters (Percidae) were the most dominate families. Fish assemblage structure differed according to stream size and hydrologic characteristics of each environment. Four lakes were sampled including a moist soil unit (MSU) on refuge property (Suppl. material [1](#S962386){ref-type="supplementary-material"}c). All four sites are artificial impoundments and three (Lake Linda, Stansfield Lake, and MSU) have been stocked for sport fishing. Sixteen species belonging to eight families were collected from these sites. The most numerically dominate group at Lake Linda, Stansfield Lake, and MSU was Centarchidae. Bluegill, redear sunfish, and largemouth bass (*Micropterus salmoides*) constituted over three-fourths of the catch with 42.3, 32.9, and 13.6 % of catch, respectively. Largemouth bass (56.1%), bowfin (19.7%), and bluegill (13.2%) were the most dominate fish by weight. These three waterbodies remain level year round and are mostly dominated by stocked fish. The water level in Moss Lake is managed according to season and its fish assemblage differed from the other lentic sites. Moss Lake was sampled during low flow conditions and was heavily vegetated with aquatic macrophytes. In Moss Lake, western mosquitofish, golden shiner, and bowfin were the most numerically dominate fish representing 32.1, 30.4, and 14.8% of catch, respectively. Bowfin also constituted 91% of the catch by relative biomass followed by largemouth bass (4.1%) and bluegill (2%).

Four medium-large wadable streams (\>8 m wetted width) were sampled. Mutton Creek was sampled upstream of US 31 bridge where it is a channelized and slow flowing stream. Mutton Creek was dominated by centarchid and catostomid species. Longear sunfish (31.7%), spotted sucker (26.2%), and warmouth (*Lepomis gulosus*) (12.4%) were the most numerically dominant species. Spotted sucker (60.7%), white sucker (11.4%), and bowfin (7.28%) were the most common fish by relative biomass at Mutton Creek. The Vernon Fork Muscatatuck River was sampled at three locations including, upstream and downstream of the refuge and a single site on the refuge. These three sites had similar diverse fish assemblages (Table [1](#T962407){ref-type="table"}). Thirty nine species from nine families were collected from the Vernon Fork. The most dominant species by number were longear sunfish (27.9%), bullhead minnow (26.4%), and spotfin shiner (*Cyprinella spiloptera*) (6%). The most dominant species at the three Vernon Fork sites were longear sunfish (23.7%), golden redhorse (*Moxostoma erythrurum*) (18.4%), black redhorse (14.5%), silver redhorse (10%), and northern hogsucker (*Hypentelium nigricans*) (9.8%).

Seven small streams (\<8 m wetted width) were sampled on refuge property (Suppl. material [1](#S962386){ref-type="supplementary-material"}c). Many of these streams were channelized or effected by impoundments and were dominated mostly by cyprinid and centarchid species. Twenty three species were collected at these stream sites (Table [1](#T962407){ref-type="table"}). Creek chub (50%), central mudminnow (9.8%), green sunfish (*Lepomis cyanellus*) (8.6%), and bluegill (6%) were the most numerically dominate species. Creek chub was also the most dominant species by mass (21.5%) followed by grass pickerel (16.5%), and green sunfish (16%).

*Macroinvertebrate species richness and composition*. The current study is the first comprehensive evaluation of the Muscatatuck National Wildlife Refuge that included taxonomic identifications to lowest possible levels. Eleven sites were sampled for macroinvertebrates (Fig. [3](#F962391){ref-type="fig"}), which correspond to the same sites as sampled for fish assemblages (Suppl. material [1](#S962386){ref-type="supplementary-material"}d).

During 2007, nearly 2,505 individuals representing 96 taxa and 45 families were collected from the refuge (Table [3](#T962409){ref-type="table"}). Dominant families included the Ephemeroptera (6 families), Odonata and Coleoptera (5 families), and Diptera (4 families). Among the most diverse taxa was the Diptera or flies and midges (26 taxa), Coleoptera (10 taxa), and Ephemeroptera and Odonata (9 taxa). The three most dominant taxa in the refuge included isopods and amphipods (Table [3](#T962409){ref-type="table"}). The dominant taxa included *Lirceus fontinalis* (24%), *Synurella dentata* (16%), and *Hyalella azteca* (14%) ([@B959464]). *Hyalella azteca* is an epibenthic detritivore that occurs in a wide range of habitats. The Ephemeroptera, Plecoptera, and Trichoptera (EPT) taxa are considered among the most sensitive groups of aquatic macroinvertebrates in North American streams ([@B959610]). Nine mayfly taxa were collected from the Muscatatuck National Wildlife Refuge (Table [3](#T962409){ref-type="table"}). Taxa sensitive to water quality degradation included *Acerpenna macdunnoughi* and *Eurylophella*. Intermediate mayfly taxa sensitive to degradation includes *Plauditus* and *Leptophlebia*. *Caenis*, *Callibaetis*, *Stenacron*, *Siphlonurus*, and *Stenonema femoratum* are considered tolerant members of the mayfly group ([@B963281]). These species are capable of tolerating warm water and lower dissolved oxygen levels. Two stonefly taxa include the very sensitive *Isoperla* and *Amphinemura*. Six members of the order Trichoptera were collected including the sensitive *Pycnopsyche* and *Rhyacophila*; and intermediate tolerant *Cheumatopsyche*, *Hydropsyche*, *Ironoquia*, *Ptilostomis* ([@B963281]).

*Crayfish species richness and composition*. Limited crayfish species information is available from the vicinity of the Muscatatuck National Wildlife Refuge. [@B962217] and [@B962227] evaluated the distribution of Sloan's crayfish from areas around the refuge and repeat sampled select sites in southwestern Ohio. Nineteen sites on the Muscatatuck National Wildlife Refuge were surveyed for crayfish species during the 2007 inventory (Table [4](#T962410){ref-type="table"}). These sites represented a wide range of stream sizes from headwater creeks to moderate sized rivers, ponds, and impounded lakes.

Six crayfish species were collected from the Muscatatuck National Wildlife Refuge (Table [4](#T962410){ref-type="table"}). Two primary burrowing species were collected including the paintedhand mudbug and the Great Plains mudbug. The Great Plains mudbug was most common on the refuge occurring at 14 sites (73.7% sites). A blue form of the Great Plains mudbug was collected downstream of the Stanfield Lake outlet (site 16). The habitat had a large number of burrows and the soil was grey in color. The blue-form crayfish when left in the sun returned to the typical olive green and brown coloration suggesting perhaps a vitamin deficiency. Two secondary burrowing species were collected from the refuge. The karst crayfish is typical of springs and cave streams. The species was collected from the unnamed tributary of Storm Creek (site 19), while the White River crayfish was collected from Sandy Branch (site 13). Two tertiary burrowing crayfish species were collected including Sloan's crayfish and the calico crayfish.

*Alien species presence*. The only non-indigenous species collected on the Muscatatuck National Wildlife Refuge was the western mosquitofish. It was collected from Linda (site 1) and Moss lakes (site 2), Mutton Creek, Sandy Branch, and the Vernon Fork Muscatatuck River downstream of the refuge (Table [1](#T962407){ref-type="table"}). The western mosquitofish is intentionally stocked for mosquito control. The species is not effective for controlling mosquitoes in flowing waters and may be only marginally successful in lakes and ponds ([@B958843]).

Discussion
==========

Maintaining or restoring biological integrity is not the same as maximizing biological diversity ([@B958810]). Maintaining biodiversity may entail managing for a single species or community at some refuges and combinations of species or communities at other refuges. This paradigm shift will provide a role for resistance and resilience management ([@B958833], [@B958746]). For example, a refuge may contain critical habitats for an endangered species. Maintaining that habitat (and, therefore, that species), even though it may reduce biological integrity at the refuge scale, helps maintain biodiversity at the ecosystem or national landscape scale.

In deciding which management activities needs to be conducted to accomplish refuge purpose(s) while maintaining biological integrity, we consider how the ecosystem functioned under historic conditions ([@B958862]). For example, to maintain certain habitats implementation of natural frequency and timing of processes, such as flooding, fires, and grazing would be required. Where it is not appropriate to restore ecosystem function, refuge management will attempt to duplicate these natural processes including natural frequencies and timing to the extent this can be accomplished ([@B958725]).

Landscape diversity is descriptive of the number and dominance of different patch types and is a fundamental component of refuge management ([@B959707]). It may be necessary to modify the frequency and timing of natural processes at the refuge scale to fulfill refuge purpose(s) or to contribute to biological integrity at larger landscape scales ([@B958862]). Many wetlands have been converted to agriculture or other land uses and the remaining wetlands must produce more habitat, more consistently, to support wetland-dependent species. Therefore, to conserve populations at larger landscape scales, we may flood areas more frequently and for longer periods of time than they were flooded historically.

**Changes in Biological Integrity**

[@B958810] recommend that the focus for watershed management should be towards biological integrity as an overarching ecological organizational hierarchy. Aquatic systems are appropriate models for managing ecological consequences of anthropogenic impacts at the landscape level since rates of biodiversity decline for aquatic fauna exceeds those for terrestrial fauna ([@B962376]). Refuges are unlikely to sustain all biodiversity or even all species, thus partnerships between government agencies and the public are essential.

*Patoka River NWR*. In order to determine the biological integrity and ecological health of the Patoka River National Wildlife Refuge, we chose an unbiased approach to verify our understanding of overall biological integrity ([@B959889], [@B962129]). Biological integrity classification scores, based on targeted least-impacted sampling at 34 sites between 1992 and 2001 ([@B962129]), showed that stream biological integrity of the Patoka River National Wildlife Refuge and associated watersheds had declined slightly over this period (Fig. [5](#F962395){ref-type="fig"}a) compared to previous sampling events. [@B962129] reported that watershed integrity decline reached the lowest levels recorded since 1888.

The probability distributions of biological integrity, based on index of biotic integrity (IBI) score for the watershed showed that the two years had similar results (Fig. [5](#F962395){ref-type="fig"}b). The results from 2006 were slightly higher than scores from 2007, but this is to be expected because of the drought conditions that occurred in 2007. The two years showed that site mean cumulative frequency distribution (CFD~50~) had higher biological integrity during 2006 with IBI scores of 35, which approximates the statewide average for Indiana, while the CFD~50~for 2007 had mean biological integrity scores of 31. Both integrity categories would have scored between "Poor-Fair" based on index classification assessments ([@B958971], [@B959865]). Based on the assessment of all 83 sample events collected at Patoka River, the mean CFD~50~scored 32 using the IBI ([@B962129]).

The trend for biological integrity in the Patoka River National Wildlife Refuge is not significantly different from previous surveys conducted between 1993---2001 ([@B959889], [@B962129]). IBI scores from 1993 surveys averaged 21 (range: 0-48) and represented "very poor" IBI biological integrity class. During 2001, the mean IBI score was 17 (range: 0-42). The trend in IBI score has had a positive slope and has slightly improved since the original watershed survey in 1993. Survey results based on 2006 and 2007 sampling showed that the watershed has improved enough to meet the statewide average. A variety of sites do not possess any fish species in the South Fork Patoka River, which is an area that is impacted from acid mine drainage, as well as Rough Creek, Pike County, which was also without aquatic life ([@B959889]). Based on study periods from 2001 to 2006-2007, conditions favored a slight increase in biological integrity of streams in the Patoka River watershed ([@B962129]). Over this time period, drought conditions possibly reduced nonpoint source runoff of nutrients and toxic materials into streams, while groundwater infiltration has potentially enabled some species to recolonize areas that had been in past decline. Unfortunately, the lack of water in 2007 caused some loss of biological integrity gain with declines in species richness and changes in trophic dynamics.

*Big Oaks NWR*. Biological integrity classification scores, based on targeted least-impacted sampling at 34 sites between 1992 and 2001, showed that stream biological integrity of the Big Oaks National Wildlife Refuge and associated watersheds had declined slightly over this period (Fig. [6](#F962397){ref-type="fig"}). Over this time period, prolonged drought conditions possibly reduced nonpoint source runoff of nutrients and toxic materials into streams, while groundwater infiltration has potentially enabled some species to recolonize areas that had been decimated in the past (U.S. Geological Survey Water Resources data, 2004-2006). Unfortunately, the lack of water also caused declines in species richness and changes in trophic dynamics.

At the Big Oaks National Wildlife Refuge we sampled 14 sites. We did not sample lake or pond locations in 2007 that had been prior sampled during 2006. The probability distributions of biological integrity, based on index of biotic integrity (IBI) score for the watershed showed that the two years had similar results (Fig. [6](#F962397){ref-type="fig"}). The results from 2007 had several sites that had higher integrity scores than the 2006 random sites, but this is to be expected because of the drought situation. The two years showed that site mean cumulative frequency distribution (CFD~50~) had higher biological integrity with IBI scores of 41, while the CFD~50~for 2006 had biological integrity scores of 35. Both integrity categories would have scored between "Poor-Fair" based on index classification assessments ([@B958971], [@B959865]). Based on the assessment of all 104 sample events collected at Big Oaks, the mean CFD~50~would have scored 37 using the IBI ([@B959865]).

The trend for biological integrity in the Big Oaks National Wildlife Refuge is not significantly different during the surveys conducted between 1993 to 2007 ([@B959720], [@B963208]). IBI scores from 1993 sampling averaged 46 (range: 32-58) and represented "good-fair" integrity classes of biological integrity. Although the trend has slightly declined since the historical surveys, this is most likely a result of including the lake sites in the IBI statistics and the emphasis on higher order streams in the 1993 surveys. Larger streams such as Otter Creek represented 23.5% of the 1993 collections compared to 5.9% of the 2006 and none of the 2007 collections. Since the 1993 stream sites were not randomly selected, there was a greater opportunity to target highest quality habitats. The dynamic change in biodiversity over time requires management actions promoting native species structure and function ([@B959658]).

*Muscatatuck NWR.* The seven small, wadable streams sampled on the refuge ranged from \"poor\" to \"fair\" (Suppl. material [1](#S962386){ref-type="supplementary-material"}c) when compared to reference conditions for the Eastern Corn Belt Plain ecoregion. Index of Biotic Integrity scores ranged from 26 to 34 for these stream sites. The low IBI scores are largely a result of hydrologic modifications to the aquatic habitat on refuge to benefit migratory waterfowl and sport fishery. These streams are dominated by sunfish and bass species and lack sensitive sucker and darter species resulting from habitat modification and stocking of lakes for sport fishing.

The larger streams showed higher quality biological conditions. The four larger stream sites ranged from \"very good\" to \"exceptional\" (Suppl. material [1](#S962386){ref-type="supplementary-material"}c). Scores ranged from 46 to 56 with two of the Vernon Fork sites scoring \"exceptional.\" These sites supported populations of sensitive minnow species, such as bigeye chub, sucker species including golden redhorse, black redhorse, northern hogsucker; and several sensitive darter species including greenside (*Etheostoma blennioides*), rainbow darter (*E. caeruleum*), harlequin darter, logperch, dusky darter, and eastern sand darter. Hydrologic modifications on refuge have had little impact on the Vernon Fork and the river continues to support a high quality assemblage of native species.

The four lakes ranged from "fair" to "fair-good" (Suppl. material [1](#S962386){ref-type="supplementary-material"}). Both Lake Linda and Moss Lake were considered "fair", while the MSU and Lake Stansfield were both considered "fair-good". The lack of benthic species was the primary reason for the lower sustainability score in Lake Linda and Moss Lake.

The cumulative frequency distributions did not include the lake or pond sites that had been sampled during 2006. Based on probability distributions of biological integrity, index of biotic integrity (IBI) score for the watershed (Fig. [7](#F962399){ref-type="fig"}) showed that the two sampling periods had a wide range of results. The earlier sampling (N=49) showed lower integrity than sites sampled later in the summer (N=30). This was expected as the drought conditions concentrated fish into isolated pools. The two sampling periods showed that site mean reach cumulative frequency distribution (CFD~50~) in the early summer (June) had lower biological integrity with IBI scores of 31, while the CFD~50~for late summer (August) had mean biological integrity reach scores of 40, which was above the statewide average for Indiana. The early summer integrity category was considered "Poor", while the later summer integrity class would have been considered "fair-good" based on index classification assessments ([@B958971], [@B959865]). Based on the assessment of all 79 sample events collected at Big Oaks, the mean CFD~50~would have scored 35 using the IBI ([@B959865]).

Although the trend has slightly improved between the two surveys periods in 2007, this is most likely a result of not including the lake sites in the IBI statistics and the greater number of higher order streams in the later summer sampling events. Larger streams such as Vernon Fork represented a higher percentage of the collections compared to 4.08% of the early summer collections. A different random draw was selected between the two periods so that only a few of the samples included the same sites. The survey results based on the 2007 survey is probably most representative of the variety of aquatic habitat conditions found at Muscatatuck National Wildlife Refuge.

Landscape level management for wholeness, resistence, and resilience requires the recognition of network patterns within the basin management planning ([@B959658]). Watershed patterns in biological integrity for the two drainage areas showed that the Muscatatuck River drainage had higher biological integrity than the Patoka River drainage (Fig. [8](#F962401){ref-type="fig"}). The Patoka River had the greatest variation in IBI scores with ranges between 0-56 (Table [6](#T962412){ref-type="table"}). The highest biological integrity was associated with Hoosier National Forest and the tributaries draining into Patoka Lake (Fig. [8](#F962401){ref-type="fig"}a); however, the highest reach scale IBI score was a score of 56 IBI points that was associated with tributaries of the Hoosier National Forest. The highest percentage of no fish and very poor IBI conditions were found in the lower Patoka River and were associated with Sugar Ridge State Recreation Area and the Patoka River NWR. The lower Patoka River also exhibited a high proportion of degraded conditions.

Biological integrity associated with the Muscatuck River drainage was highest in the area where the Vernon Fork joined the mainstem Muscatatuck River (Fig. [8](#F962401){ref-type="fig"}b). Most of the remainder of the watershed was considered fair condition. Only a few areas within the Muscatatuck River drainage had no fish, both were associated with a treatment plant pump overflow that drained raw sewerage into the refuge along Storm and Mutton Creeks.

**Species richness and watershed patterns**

The aquatic fauna of Indiana's National Wildlife Refuges includes a significant portion of the rarest of Indiana's fish fauna; however, due to contaminant impacts associated with legacy land use the refuges are not necessarily considered least-impacted habitats ([@B959933]). An analysis of the highest species richness areas within the refuges show that most of the biodiversity is attributed to macroinvertebrate taxa richness (Table [6](#T962412){ref-type="table"}). The Patoka River NWR had the highest species richness of both macroinvertebrates and fish, while Big Oaks NWR had the highest species richness of crayfish species.

A hot-spot analysis of watershed biodiversity showed that the central portion of the Patoka River drainage had the highest macroinvertebrate species richness (Fig. [9](#F962403){ref-type="fig"}a), which was associated with the Flat Creek, Green Creek, and the Patoka River. The highest crayfish species richness was associated with the areas of the Patoka River that drained Hoosier National Forest and was downstream of Patoka Lake and lower Patoka River and Hurricane Creek (Fig. [9](#F962403){ref-type="fig"}b). The highest species richness for fish assemblages was associated with areas draining Hoosier National Forest and surrounding Patoka Lake (Fig. [9](#F962403){ref-type="fig"}c). A similar hot-spot analysis of watershed biodiversity patterns for the Muscatatuck River drainage showed that the highest species richness of macroinvertebrates (Fig. [10](#F962405){ref-type="fig"}a) and crayfish (Fig. [10](#F962405){ref-type="fig"}b) occurred within Graham Creek of Big Oak NWR. The highest fish species richness was associated with the mainstem channel of the Muscatatuck River and associated tributary mouths (Fig. [10](#F962405){ref-type="fig"}c).

The management goal of sustaining ecological and evolutionary processes within a natural range of variability requires an understanding of the fundamental elements of the landscape ([@B959658]). Surveys of National Wildlife Refuges provide opportunities to determine species composition, species richness, and promote the management of biodiversity, while landscape level planning can evaluate the biological integrity of watershed levels. This incorporation of reach and larger landscape scales promotes effective conservation management of vital aquatic resources.
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###### 

List of fish species collected from three National Wildlife Refuges in southern Indiana. Numbers indicate the sites at which each species has been collected based on information in Supplemental materials Suppl. material [1](#S962386){ref-type="supplementary-material"} (Appendix a, b, and c) and Figs [1](#F962387){ref-type="fig"}, [2](#F962389){ref-type="fig"}, [3](#F962391){ref-type="fig"}.

  --------- -------------- ------------- ----------
  Species   Patoka River   Muscatatuck   Big Oaks
  --------- -------------- ------------- ----------

###### 

Comparison of fish assemblage structure and catch percentages from the Patoka River drainage, 2006 to 2007.

  --------- ------- ------ ------- ---- ------- ----
            2006    2007   Total                
  Species   Count   \%     Count   \%   Count   \%
  --------- ------- ------ ------- ---- ------- ----

###### 

List of macroinvertebrate taxa collected during 2006-2007 from the Patoka River, Muscatatuck, and Big Oaks National Wildlife Refuges. Numbers indicate the sites at which each species has been collected based on information in Supplemental materials Suppl. material [1](#S962386){ref-type="supplementary-material"} Appendix a, b, d and Figs [1](#F962387){ref-type="fig"}, [2](#F962389){ref-type="fig"}, [3](#F962391){ref-type="fig"}.

  ----------- -------------- ------------- ----------
  Taxa List   Patoka River   Muscatatuck   Big Oaks
  ----------- -------------- ------------- ----------

###### 

List of crayfish taxa collected from three National Wildlife Refuges. Numbers indicate the sites at which each species has been collected based on information in Supplemental materials Appendix a-d and Figures 1-3.

  ---------------------------------------------------------------------- ------------------------------------------------------------------------------------------ ----------------------------- ---------------------------------
  **Species**                                                            **Patoka**                                                                                 **Muscatatuck**               **Big Oaks**
  *Procambarus (Ortmannicus) acutus* (Girard 1852)                       59, 62                                                                                     13                            
  *Orconectes (Faxonius) indianensis* (Hay 1896)                         1-3, 6-7, 17, 19, 22, 25, 26, 29, 34, 38-40, 63                                                                          
  *O. (Gremicambarus) virilis* (Hagen 1870)                              5                                                                                                                        1, 2
  *O. (Procericambarus) juvenilis* (Hagen 1870)                                                                                                                                                   8-11, 15
  *O. (Rhoadesius) sloanii* (Bundy 1876)                                                                                                                            5, 6, 10, 13-15, 20           3-5, 7- 13, 15-17, 20-27, 29-33
  *O. (Trisellescens) immunis* (Hagen 1870)                              11, 14-15, 22, 24-25, 27, 29-31, 34-35, 37, 41, 47-50, 55-56, 65- 66, 70, 73, 79, 83, 84   6, 8-11, 13, 21               5
  *Cambarus (Cambarus) ortmanni* Williamson 1907                                                                                                                                                  10, 15, 19, 32
  *C. (Erebicambarus) laevis* Faxon 1914                                                                                                                            19                            
  *C. (Lacunicambarus)* species \"A\"                                    24, 35, 44, 48, 54, 67                                                                     1, 5, 7, 8-13, 15-16, 18-20   7, 10, 11, 18
  *C. (Tubericambarus) polychromatus* Thoma, Jezerinac, and Simon 2005   35, 39, 44                                                                                 8, 13, 15                     3, 7, 10-11, 25, 33
  ---------------------------------------------------------------------- ------------------------------------------------------------------------------------------ ----------------------------- ---------------------------------

###### 

Comparison of fish assemblage structure and catch percentages from the Big Oaks National Wildlife Refuge.

  ------------------------------- ----------- ---------- ----------- ------- ----------- -------
                                  **2006**    **2007**   **Total**                       
  **Species**                     **Count**   **%**      **Count**   **%**   **Count**   **%**
  Cyprinidae                                                                             
     *Campostoma anomalum*        426         8%         751         17%     1177        12%
     *Cyprinella spiloptera*      10          \<1%       18          \<1%    28          \<1%
     *Ericymba buccata*           40          1%         171         4%      211         2%
     *Hybopsis amblops*           72          1%         223         5%      295         3%
     *Luxilus chrysocephalus*     182         3%         461         10%     643         7%
     *Lythrurus umbratilis*       29          1%         16          \<1%    45          \<1%
     *Notemigonus crysoleucas*    18          \<1%                           18          \<1%
     *Notropis ariommus*          10          \<1%                           10          \<1%
     *Notropis boops*             38          1%         28          1%      66          1%
     *Notropis photogenis*                               15          \<1%    15          \<1%
     *Pimephales notatus*         964         18%        857         19%     1821        0
     *Semotilus atromaculatus*    523         10%        485         11%     1008        10%
  Esocidae                                                                               
     *Esox americanus*            4           \<1%                           4           \<1%
  Catostomidae                                                                           
     *Catostomus commersonii*     26          \<1%       235         5%      261         3%
     *Erimyzon oblongus*          30          1%         1           \<1%    31          \<1%
     *Hypentelium nigricans*      39          1%         93          2%      132         1%
     *Moxostoma duquesnei*        10          \<1%       75          2%      85          1%
     *Moxostoma erythrurum*       21          \<1%       7           \<1%    28          \<1%
  Ictaluridae                                                                            
     *Ameiurus natalis*           18          \<1%       8           \<1%    26          \<1%
     *Ameiurus nebulosus*         1           \<1%                           1           \<1%
     *Noturus miurus*             6           \<1%       3           \<1%    9           \<1%
  Fundulidae                                                                             
     *Fundulus notatus*           1           \<1%                           1           \<1%
  Poeciliidae                                                                            
     *Gambusia affinis affinis*   123         2%         52          1%      175         2%
  Atherinopsidae                                                                         
     *Labidesthes sicculus*       2           \<1%                           2           \<1%
  Centrarchidae                                                                          
     *Ambloplites rupestris*      12          \<1%       6           \<1%    18          \<1%
     *Lepomis cyanellus*          285         5%         78          2%      363         4%
     *Lepomis macrochirus*        1159        22%        3           \<1%    1162        12%
     *Lepomis megalotis*          147         3%         148         3%      295         3%
     *Lepomis microlophus*        161         3%                             161         2%
     *Micropterus dolomieu*       1           \<1%                           1           \<1%
     *Micropterus salmoides*      23          \<1%       2           \<1%    25          \<1%
     *Pomoxis nigromaculatus*     21          \<1%                           21          \<1%
  Percidae                                                                               
     *Etheostoma blennioides*     72          1%         32          1%      104         1%
     *Etheostoma caeruleum*       286         5%         137         3%      423         4%
     *Etheostoma flabellare*      86          2%         66          1%      152         2%
     *Etheostoma nigrum*          177         3%         375         8%      552         6%
     *Etheostoma spectabile*      269         5%         109         2%      378         4%
  Total Number of Individuals     5292                   4455                9747        
  ------------------------------- ----------- ---------- ----------- ------- ----------- -------

###### 

Biological diversity and integrity comparison of aquatic faunal assemblages at three National Wildlife Refuges in southern Indiana.

  ------------------ ---------------------- -------------- ------ ------- ------ ------ -------
                     **Species Richness**   **Mean IBI**                                
  Refuge             Macroinvertebrates     Crayfish       Fish   Total   2006   2007   Range
  Patoka River NWR   355                    6              82     443     35     31     0-56
  Muscatatuck NWR    96                     6              51     153     \--    40     12-54
  Big Oaks NWR       163                    7              37     207     35     41     26-54
  ------------------ ---------------------- -------------- ------ ------- ------ ------ -------
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